Light-sheet-based fluorescence microscopy (LSFM) features optical sectioning in the excitation process. It minimizes fluorophore bleaching as well as phototoxic effects and provides a true axial resolution. The detection path resembles properties of conventional fluorescence microscopy. Structured illumination microscopy (SIM) is attractive for superresolution because of its moderate excitation intensity, high acquisition speed, and compatibility with all fluorophores. We introduce SIM to LSFM because the combination pushes the lateral resolution to the physical limit of linear SIM. The instrument requires three objective lenses and relies on methods to control two counterpropagating coherent light sheets that generate excitation patterns in the focal plane of the detection lens. SIM patterns with the finest line spacing in the far field become available along multiple orientations. Flexible control of rotation, frequency, and phase shift of the perfectly modulated light sheet are demonstrated. Images of beads prove a near-isotropic lateral resolution of sub-100 nm. Images of yeast endoplasmic reticulum show that coherent structured illumination (csi) LSFM performs with physiologically relevant specimens.
Light-sheet-based fluorescence microscopy (LSFM) features optical sectioning in the excitation process. It minimizes fluorophore bleaching as well as phototoxic effects and provides a true axial resolution. The detection path resembles properties of conventional fluorescence microscopy. Structured illumination microscopy (SIM) is attractive for superresolution because of its moderate excitation intensity, high acquisition speed, and compatibility with all fluorophores. We introduce SIM to LSFM because the combination pushes the lateral resolution to the physical limit of linear SIM. The instrument requires three objective lenses and relies on methods to control two counterpropagating coherent light sheets that generate excitation patterns in the focal plane of the detection lens. SIM patterns with the finest line spacing in the far field become available along multiple orientations. Flexible control of rotation, frequency, and phase shift of the perfectly modulated light sheet are demonstrated. Images of beads prove a near-isotropic lateral resolution of sub-100 nm. Images of yeast endoplasmic reticulum show that coherent structured illumination (csi) LSFM performs with physiologically relevant specimens.
he prime reason to use fluorescence light microscopy is the observation of live, thick, multicellular, and 3D specimens under close to natural conditions. Thus, one has to work with specimens that are mounted in an aqueous medium and not attached to or established close to a coverslip. In addition, the main issues in fluorescence microscopy, fluorophore bleaching, endogenous organic molecule phototoxicity, and solar-level intensities have to be addressed (1) .
Light-sheet-based fluorescence microscopy (LSFM) has emerged as one of the most valuable novel tools in developmental biology (1) (2) (3) (4) (5) , plant biology (6) , and 3D cell biology (7) . In contrast to an epifluorescence arrangement, LSFM uses at least two independently operated microscope objective lenses. The lenses used in the excitation of the fluorophores are arranged at an angle of 90°rela-tive to those used for the detection of the 3D fluorophore density distribution. In addition, special optical arrangements ensure that only a thin planar section centered on the focal planes of the detection lenses receives light. Hence, optical sectioning (8, 9) , which is not available in conventional fluorescence microscopy, as well as no phototoxicity and no fluorophore bleaching outside a small volume close to the focal plane, are intrinsic properties of LSFM. The energy required to excite the fluorophores when recording a 3D stack of images can be reduced by two to four orders of magnitude relative to wide-field, confocal, and two-photon fluorescence microscopy (10, 11) . Modern cameras are used to record millions of pixels in parallel, i.e., tens to hundreds of images with subcellular resolution within a few seconds.
Because the lateral resolution of LSFM is similar to that of a conventional epifluorescence microscope, superresolution techniques have been combined with LSFM. A promising complementary contrast could be photoactivated localization microscopy (PALM), but the acquisition speed of localization microscopy (12) is slow. The combination with stimulated emission depletion (STED) microscopy improves the axial resolution (13) but suffers from a very low signal. The most reasonable approach combines structured illumination fluorescence microscopy (SIM) with LSFM. One advantage of SIM over localization microscopies is the high acquisition speed (14) (15) (16) (17) , another one is the applicability of SIM for live imaging (18, 19) . In combination with TIRF, a 2D SIM achieves a frame rate in excess of 10 Hz (18) . However, SIM images are usually recorded close to the surface of the specimen whereas biological samples usually feature a 3D structure and hence a certain thickness.
Because the detection path in LSFM is identical to that of conventional fluorescence microscopy, essentially all known fluorescence-based methods can be implemented, e.g., FCS (20) , fluorescence lifetime imaging/fluorescence resonance energy transfer (FLIM/FRET) (21, 22) , Raman imaging (23), and certainly SIM. However, very few setups combining LSFM and SIM have been presented. Most impressive are the concepts of Eric Betzig, which combine parts of the SIM concept with LSFM by scanning Bessel beams (24) and by implementing an optical lattice (25) to create a periodic illumination pattern. However, the pattern cannot be rotated in the lattice light-sheet microscope (LLSM), thus the resolution is only improved in one axis in the lateral plane. The frequency of the lattice pattern is also limited and the resolution improvement is only by a factor between 1.3 and 1.5.
Significance
Structured illumination microscopy (SIM) is a superresolution technique that illuminates the specimen with a sine-modulated pattern. The frequency of the illumination pattern, i.e., the inverse of the resolution, is limited by the angular aperture of the objective lens. SIM in combination with light-sheet-based fluorescence microscopy (csiLSFM) uses a pair of illumination objective lenses to form two counterpropagating light sheets that interfere in the fluorescent specimen at an angle π. The frequency of the illumination pattern becomes the physical limit of a linear interference pattern. Whereas SIM is restricted to flat specimens and surfaces, csiLSFM operates deep inside three-dimensional specimens. Our implementation is able to generate different spatial frequencies and thus sample the frequency space intelligently.
We used two coherent counterpropagating light sheets to generate a 100% modulated structured illumination pattern. We refer to it explicitly as coherent structured illumination (csi) light-sheet-based fluorescence microscopy (csiLSFM). The structured illumination pattern can be rotated, and the spatial frequency as well as the spatial phase shift of the pattern are precisely controlled. We measured a resolution of 89 nm with 40-nm fluorescent beads. Such a resolution is similar to that presented in a TIRF-SIM close to the surface of a glass plate (18, 26, 27 ). We applied this instrument to generate images of endoplasmic reticulum (ER) in yeast. In addition, our method to control the path of light is different from that in a conventional LSFM and will become the basis for further versions of both LSFM and SIM.
Results
Ideal Instrument. In SIM, the achievable resolution improvement is proportional to the spatial period of the pattern. A structured pattern is created by two interfering laser beams, which intersect at an angle α in the focal plane of the detection system (14, 17, 18) . The spatial frequency (f) of the pattern depends on the angular aperture (AA, also known as sin α) of the objective lens and is described by
where λ is the vacuum wavelength of the laser light, n is the refractive index of the medium, and α is the half-intersection angle of the two laser beams. The maximal frequency is achieved with two counterpropagating beams. In this case, sinπ=2 = 1, the spatial period of the interference pattern becomes λ=2n, and the resolution reaches the linear physical optimum (SI Appendix, Fig. S2 ). Because conventional SIM uses the same lens for illumination as well as detection, the achievable frequency is limited by the AA of the objective lens. However, in LSFM the illumination and detection paths are operated independently, which provides further degrees of freedom. LSFM also improves the axial resolution, which results in less out-of-focus light, lower photobleaching, and fewer phototoxicity side effects. The basic concept of our implementation is illustrated in Fig. 1 . The structured illumination pattern generated by the interference of two counterpropagating light sheets overlaps with the focal plane of the detection objective lens. Two scanning mirrors and two f-theta (f-θ) lenses are mounted in two separately and independently operated but coherent illumination light paths. The scanning mirrors tilt the light sheets, i.e., rotate them around the optical axis of the detection system and, consequently, generate interference patterns of two counterpropagating light sheets along different orientations.
Ideally, the orientations of the interference pattern are spaced evenly in a 360°circle for an isotropic high-resolution image, for example, 0°, 60°, and 120°for three orientations and 0°, 45°, 90°, and 135°for four orientations (17) . However, in an optical system that consists of two opposing illumination lenses the maximal angle is determined by their AA. A structured pattern with an orientation of 60°requires an AA of 0.866 and an orientation of 45°requires an AA of 0.707. The detection objective lens should also have a large AA for high-resolution imaging.
Real Instrument. Whereas Fig.1 illustrates the layout of an ideal system, a real system has to take the free working distances and the diameters of the lenses into account and hence operate with space in between at least three objective lenses. Consequently, a long-working-distance objective lens is highly desirable. In practice, the working distance is inversely proportional to the AA. The optimal objective lens we could obtain recently is a 63× waterimmersion objective lens with a working distance of 2.1 mm and a numerical aperture of 1.0 (Carl Zeiss, 63×/N.A. 1.0, W PlanApochromat M27, 421480-9900-000, Carl Zeiss). This lens provides a maximum angle of 48.75°for rotating the pattern. The high-resolution image in SIM with only 0°, 45°, and 135°re-construction may not be perfectly isotropic but suffices for initial experiments that are merely limited by technical issues. We cannot achieve the ideal frontal arrangement of three objective lenses, due to the extents of the objective lenses. Therefore, the illumination objective lenses are tilted by about 25°horizontally in an arrangement shown in Fig. 2C . We achieve an intersection angle of 130°for the two light sheets that enter the center of the objective lenses. More objective lenses can be combined to either to generate the interference pattern with other orientations or to simultaneously detect an image along further directions. However, with the currently available objective lenses, we can only use a setup with three lenses. An appropriate chamber for the three objective lenses arrangement is shown in SI Appendix, Fig. S3 .
Flexible Control of the Interference Pattern. A particular advantage of our system is the flexible control of the two light sheets. One cylindrical lens, one coupling lens, one two-axis scanning mirror, one f-θ lens (also known as scanning lens), and one objective lens are mounted in both of the identical illumination arms. The cylindrical lens and the coupling lens create a line-shaped beam on the two-axis scanning mirror. The f-θ lens and the objective lens form a telecentric optical configuration and transform the lineshaped beam into a light sheet in the focal plane of the detection system (28). Therefore, tilting the scanning mirror in the x axis (θ x ) influences the intersection angle of the two light sheets, as shown in Fig. 2A . The vertical tilt of the scanning mirror (θ y ) results in the rotation of the light sheet in the lateral plane of the detection objective lens, as shown in Fig. 2B . In short, this setup allows a manipulation of the light sheet in three dimensions. Some examples of the possible interference conditions are shown in SI Appendix, Fig. S6 . Fig. 2 D and E shows the macroscopic movements of the light sheets as described above.
Controlling Frequency and Orientation of the Interference Pattern.
The N.A. 1.0 objective lens has a half-aperture angle α of 48.75°. The smallest period of the interference pattern that can be observed with this objective lens is 244 nm (T = λ=2n sin α, λ = 488 nm, and N.A. = n sin α). The period of the interference pattern of two counterpropagating light sheets (T = 183.5 nm) or two light sheets with an intersection angle of 130°(T = 202.4 nm) is beyond the diffraction limit of the detection lens and, therefore, too fine to be visualized directly. To observe the interference pattern and characterize as well as demonstrate its properties, e.g., the period, the rotation, and the phase shift, we position the scanning mirrors to let the light sheets enter both the illumination and detection objective lenses, as shown in the leftmost image in Fig. 2D . Initially, we demonstrate the interference of two collimated beams in Fig. 3 A and B. The cylindrical lenses and the coupling lenses were removed and two collimated beams covering the entire field of view make it easier to visualize the modulation of the interference pattern. The control of the period of the interference pattern is shown in Fig. 3A . A series of interference patterns with different periods is acquired by varying the intersection angle between two collimated beams. Next, we fix the period of the interference pattern and simultaneously tilt the two scanning mirrors vertically, thus rotating the interference pattern (Fig. 3B) . The phase of the interference pattern must be controlled precisely and should change rapidly. In our system, we use a piezo-driven device to move one of the collimators as shown in SI Appendix, Fig. S5A . Another means to control the phase of the interference pattern using only the scanning mirrors is illustrated in SI Appendix, Fig. S4 .
Next, the cylindrical lenses and the coupling lenses were reinserted and the line-shaped laser beams in the back focal plane of the illumination objective lenses and the equivalent light sheets were formed. The interference pattern of the two light sheets follows a straight line within the Rayleigh range ( Fig. 3 and SI Appendix, Fig. S7A ). The interference patterns of two light sheets with three orientations are shown in Fig. 3C . The entire lineshaped beam still enters the illumination objective lens when the maximum rotary angle of the interference pattern is set to 49°(SI Appendix, Fig. S7 ). The diameter of the entire line-shaped beam or a portion exceeds the diameter of the aperture of the objective lens if a larger rotary angle is applied. We validated the period, the orientation, and the phase shift of the interference pattern with the Fourier transform of the pattern image.
Superresolution Image at 89 nm. To demonstrate the resolution improvement, we embedded 40-nm (yellow-green, F8795, Invitrogen) or 100-nm fluorescent latex beads (yellow-green, F8803, Invitrogen) in 1.5% low-melt agarose (6351.5, Carl Roth). We commenced to image with a small intersection angle of two light sheets and gradually increased the angle. We also increased the rotation angle of the interference pattern at a small intersection angle and inspected the overlap of the two light sheets. They overlapped perfectly when the positions of the scanning mirrors were slightly adjusted with the motorized linear actuators (SI Appendix, Fig. S5A ). Thus, we were able to document the raw images of SIM (SI Appendix, Fig. S8 ), the resolution improvement (SI Appendix, Fig. S9 ), and the maximum rotation angle of the pattern (SI Appendix, Fig. S10 ).
Finally, we successfully overlapped the counterpropagating light sheets, which created the finest interference pattern. The striking improvement of the resolution is shown in Fig. 4 . With the interference pattern created by counterpropagating light sheets, we are able to reach the optimal resolution in a linear SIM. Table S1 ). We stress the further improvement of the resolution with the deconvolution is a windfall gain. The final resolution is a 2.4× and a 3.2× improvement compared with a deconvolved wide-field (204.9 ± 4.75 nm) and a conventional wide-field (283.0 ± 12.18 nm) image, respectively (SI Appendix, Table S1 ). In the linear regime such a resolution has only been reported for TIRF-SIM (18, 26, 27 ).
Near-Isotropic High-Resolution Image at Sub-100 nm. With counterpropagating illumination the resolution is anisotropic. This is due to the spatial constraints of objective lenses ( Fig. 2C and SI Appendix, Fig. S6 ). However, we can intersect two light sheets at different angles. The corresponding resolution, image quality, maximum rotation angle of the interference pattern, and illuminated area are shown in Fig. 5 . The detailed quantifications of the patterns and the resolutions are summarized in SI Appendix, Table  S2 . The resolution improves as the intersection angle and hence the pattern frequency increase (from Fig. 5A to Fig. 5C ). The illumination by counterpropagating light sheets confirms less background and a larger illuminated area of the image because the light sheets are orthogonal to the detection axis whereas the rotation angle of its interference pattern is smaller, i.e., restricted to ∼27°due to the available objective lens (Fig. 5C ). However, the rotation angle of the interference pattern can be increased (∼45°i n Fig. 5B ) with a smaller intersection angle between two light sheets. The resolution is ∼100 nm [SI Appendix, Table 2 , 97.8 ± 11.47 nm (x) and 117.4 ± 10.92 nm (y)], the background is slightly higher, and the lateral illuminated area is smaller ( 5B is considered a good compromise between resolution, image quality, and isotropy of the resolution improvement. When imaging biological specimens, we mostly use this illumination configuration because of a more isotropic image and a reasonable background quality. Finally, a high-resolution 3D image stack can be acquired by simply scanning the specimen along the detection axis (SI Appendix, Figs. S12 and S14). The bead images shown in SI Appendix, Figs. S12 and S14 essentially represent the 3D point-spread function of our system. The axial resolution in csiLSFM is similar to that in a conventional LSFM, which is 880.29 ± 72.84 nm in our measurements.
Applications to Biology. Because csiLSFM is designed to work with fluorescently labeled biological specimens, we recorded images of GFP-tagged endoplasmic reticulum in wild-type yeast (BY4741, transformed with pRS415-ER-sfGFP-HDEL) (30). We directly embedded the live yeast cells in 1.5% low-melt agarose. The cells remain alive for many hours with this preparation method. One example of the high-resolution images of yeast is shown in Fig. 6 . A 3D rendering of the same image stack is shown in Movie S1. The images were recorded with an exposure time of 100 ms for each image, three images (phases) per orientation, and three orientations in each plane. Both the maximum-intensity projections and several single planes show the striking improvement of the image with our csiLSFM. We also profiled ER structures and showed that the SIM images reveal many details that cannot be observed in either wide-field or deconvolved wide-field images.
More examples of high-resolution yeast images are shown in SI Appendix, Figs. S17 and S18. We also imaged fixed yeast cells; however, the ER structures appear different from the ones in a live yeast cell (SI Appendix, specimen in a state that allows it to live long and prosper. The setup also allows to mount the sample on a fluorinated ethylene propylene (FEP) film, which assists future applications of csiLSFM (SI Appendix, Fig. S20 ).
Discussion
We developed a versatile approach to beam-scanning LSFM, which is based on a single mirror that is tilted along two orthogonal axes. The beam is focused either into the entrance aperture or into the image plane of an objective lens. This means the beam can be rotated around well-defined locations and can be moved to any location in the focal plane of the objective lens. Two such wellcontrolled counterpropagating beams or light sheets generate the pattern required for csi. The incoherent structured illumination (isi) (31) in LSFMs has been implemented by inserting a grating in a complementary image plane of a single-plane illumination fluorescence microscope (32) and by systematically modulating the illumination beam in a digital scanned light-sheet-based fluorescence microscope (33). However, the isi does not improve the resolution but rejects out-of-focus light to improve image quality similar to HiLo background rejection, which uses a modified reconstruction algorithm (34). The modulation depth of the isi pattern decreases, essentially linearly, with the frequency of the pattern until it becomes zero. Hence, its cutoff frequency is low. In contrast, the intensities and the collinear polarization state (s polarization) of two beams are well controlled in csiLSFM, enabling a 100% modulation depth of the pattern, as well as a frequency that can be up to a factor of 4 higher than the cutoff frequency of the isi pattern (18, 35) . Whereas the axial resolution is not enhanced in the current implementation, csiLSFM improves two weaknesses of LLSM. The lateral resolution of csiLSFM is better (sub-100 nm vs. 150 nm) and closer to isotropic because the pattern can be rotated in csiLSFM. High spatial and temporal (more than one stack per second) resolution, together with low photodamage and low phototoxicity for long time-lapse imaging in live 3D specimens are the most obvious direction for further developments of advanced light microscopy (11, 24, 25) . csiLSFM, which combines advantages of SIM and LSFM, is certainly one option to approach this goal (25). The resolution improvement in SIM relies on the illumination pattern frequency. Whereas a TIRF-SIM only observes the surface of a specimen close to the coverslip (18) , csiLSFM realizes the maximum frequency by interfering two counterpropagating beams and the superresolution is not limited to the surface. Thus, csiLSFM is a suitable approach for the investigation of biological specimens which are cultivated in a 3D environment, i.e., the specimens are not collapsed to a flat structure. csiLSFM reduces the out-of-focus fluorescence. It uses 2D-SIM rather than 3D-SIM, which increases the acquisition speed by a factor of 5/3. csiLSFM is applicable to any small biological specimen. Following the imaging of ER in wild-type yeast, the dynamics of the ER membrane in the context of ER stress will be further investigated (36). The number of autophagosome can be measured more precisely and the autophagy in fungi can be studied further (37). Spatial organization of RNA polymerase and the dynamics of nucleoids in Escherichia coli were studied with superresolution techniques. csiLSFM definitely fits such topics very well (38, 39).
The resolution anisotropy is due to the technical specifications of the lenses. Longer working distances and different AAs are necessary to simplify the current optical arrangement. One option to address the resolution anisotropy is to add more illumination lenses and space them evenly in a 360°circle on the plane perpendicular to the detection objective lens. Improving axial resolution and achieving isotropic superresolution are parts of our ongoing developments. I 5 S microscopy achieves impressive 100-nm resolution in both lateral and the axial directions because it applies the interference pattern from six beams and collects interference images from two objective lenses (40). However, the alignment to create image interference (I 2 M) is challenging. In contrast, csiLSFM applies an obvious but stable method to create the interference pattern reaching the finest limit. Additionally, csiLSFM is capable of rotating the specimen and implementing multiple-views imaging to improve the axial resolution (41, 42). Lower wavelengths can be used that work well with smaller molecules. In this manner, isotropic sub-100-nm resolution can be achieved. csiLSFM can also be combined with the oblique illumination used, e.g., in LLSM and increases the field of view (25).
As pointed out, we used a fairly relaxed approach to LSFM. In fact, it comprises many of the approaches that have been discussed and implemented over the past 15 y and does not discard the advantages, for which LSFM is known. We used this approach to implement a few aspects of csiLSFM and thus demonstrate the feasibility of superresolution in an LSFM. Many more approaches that are currently not possible with SIM can now be attempted. For example, a specimen can be observed with multiple different periods and with more than three phases to fill the k space. Alternatively, our system allows the observation of specimens along multiple directions by generating patterns that intersect the focal plane of the detection lens from different angles. Finally, technical developments such as new lenses will allow us to further relax the optical layout of the system.
Materials and Methods
Details of experimental setup, method of embedding samples in gel, SIM reconstruction algorithm, image presentation, and our resolution measurement are presented in SI Appendix. 
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Experimental setup
A conventional light sheet microscope (aka single/selective plane illumination microscope, SPIM) uses a cylindrical lens and an objective lens(1) to generate the light sheet. Essentially, we implement two SPIMbased identical illumination arms (Fig. 2, A and B) to generate two counter-propagating light sheets. The main optical components of each illumination arm in our setup include a cylindrical lens, a coupling lens, a scanning mirror, an f-θ lens and an objective lens. The fiber collimator delivers the linearly polarized and collimated laser beam required for coherent structured illumination. The choice of the optical components determines the thickness and the length of the light sheet, as well as the achievable rotation angle of the interference pattern. The thickness of our light sheet is ~2.6 μm, which corresponds to a Rayleigh region 11.2 μm long and a divergence of 6.75°, with the current combination of cylindrical lens, coupling lens, and collimator. The same objective lens is used in the detection path to acquire the fluorescence image. In combination with the 1x tube lens (45 29 60, Carl Zeiss) and the sCMOS camera (C11440, ORCA-Flash 2.8, Hamamatsu), one pixel on the camera corresponds to 57.6 nm in the focal plane of the 63× objective lens (3.63 μm/63). It is important to have a small pixel size to present the image with a reasonable contrast and resolution without compromising the fluorescence intensity. Our pixel size meets the reasonable pixel size of about 60 nm in a wide-field fluorescence microscopy as described previously in the literature(2) but notoriously ignored in many experiments. We use an emission filter to block the laser for the observation of the fluorescence signal (FF02-525/50-25, Semrock). Additionally, an optical filter glass (OG530, SCHOTT), which happens to pass a small portion of laser intensity, is used to examine the interference pattern. The optomechanical parts of the main system are mounted on two rail systems (SYS40, SYS65, OWIS). A photograph of our system is shown in fig. S5 .
Embedding samples in gel
Both agarose gel and phytagel can be used as embedding substrates in our system. For the preparation of agarose gel, we use low melt agarose (6351.5, Carl Roth) because of its lower congealing temperature of around 30°C. Phytagel congeals at a temperature below 65°C when dissolved in PBS buffer. This temperature is too high for both latex beads and biological specimens. Therefore, we developed another method by adding phytagel powder into DI water containing 2.5 mM calcium ions. This method keeps the phytagel in a liquid phase at the lowest temperature of about 45°C. We usually prepare the Phytagel at a concentration of 0.5% or 1%.
SIM Reconstruction algorithm
The reconstruction algorithm is essentially the same as that used in a conventional SIM. Yet, we modified a few steps and verified that it improves the image quality(3). First, we deconvolve each raw image with the Richardson-Lucy (RL) algorithm. Next, the main reconstruction is performed as described in the literature(4-6). The deconvolved raw images are Fourier transformed. The spectrum of each raw image contains high-frequency information (̃±� �⃗ ± ⃗ �) but it is mixed with wide-field information ̃��⃗ � originally in the OTF (Fig. S1, B3 ). To separate the high frequency information, three raw images in each orientation are required and processed in a 3x3 system of linear equations (4, 5) . The precise pattern frequency ���⃗ and the common starting phase 0 (j indexes orientation) in each set of patterns are required in the 3x3 linear system. The pattern frequency ���⃗ is obtained by seeking a peak in the crosscorrelations of ̃��⃗ � and ̃± � �⃗ ± ⃗ � (Fig. S21) . This is possible since the common starting phase 0 acts only as a scaling factor for � � �⃗ � * � ± � �⃗ ± ⃗ �. The position of the peak is independent of the starting phase of the illumination pattern. After retrieving the pattern frequency ���⃗, the value of 0 can be recovered with several methods (4, 6) . Here, we simply compare the SI-image reconstructed at different values of 0 from 0 to 2π with the wide-field image in real space. The correct value of 0 is found when the SI-image and the wide-field image are similar, i.e. the normalized cross-correlation of SIimage and wide-field image has a maximum. The PSF used in the initial deconvolution is created with the Diffraction PSF plugin of ImageJ(7). The initial deconvolution removes the out-of-focus fluorescence to a certain extent. It reveals frequencies that are weak and hidden in the original background intensity thus supporting the search for the peak in the cross-correlations of ̃��⃗ � and ̃± � �⃗ ± ⃗ � especially when the pattern is extremely fine. An improvement of the resolution is not the issue in this initial deconvolution. After the reconstruction, the deconvolution is continued with a calculated PSF based on the corresponding SIM image, i.e. the pattern period and orientations correspond to the exact experimental condition. The continued deconvolution also relies on the RL algorithm. We use less than ten iterations of the RL algorithm in both deconvolutions to avoid any artefacts. In our experience, ~20 iterations suffice for a good reconstruction whereas using higher numbers produces deconvolution related artifacts (Fig. S23) .
RL deconvolution is applied in many astronomy-and microscopy-related image processing algorithms and regarded as reliable and effective (8) (9) (10) (11) (12) (13) (14) . A maximum-likelihood image restoration has also been successfully applied in LSFM image (15) . A modified RL deconvolution (jRL, joint RL algorithm) has also been demonstrated successfully in multifocal SIM (12, 16) . The continued deconvolution functions similarly to the Wiener deconvolution commonly used in SIM reconstruction, which decreases the noisy patches but without any subjective selection of the Wiener parameter. It has been reported that the Wiener parameter improves or affects the final resolution of SI images (17) . RL deconvolution simplifies the whole image reconstruction process. Finally, LSFM images are well suited for deconvolution due to their excellent signal-to-noise ratio, i.e. their high dynamic range(10).
Image presentation
The summedWF represents a conventional wide-field image reconstructed by summing all raw images. The decWF image represents the deconvolution of the conventional wide-field image. It is obtained as part of the reconstruction of the SI images. The deconvolution is inherent because we perform the deconvolution of each raw image in the SI reconstruction. Once an image stack was recorded, e.g. the yeast images or the image stacks of the beads, we corrected the drift of the planes by the StackReg plugin in ImageJ with the "translation transformation only" option. The final SIM images (SIall) were scaled 2x inherently during the reconstruction. The summedWF and the decWF were scaled 2x laterally in ImageJ with a bicubic interpolation. The pixel pitch is 28.8 x 28.8 nm
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. The z-stacks are also scaled to obtain the same pixel pitch along all directions, i.e. a voxel pitch of 28.8 x 28.8 x 28.8 nm 3 . All summedWF and decWF images were recorded with light sheet illumination, i.e. not in an epifluorescence microscope.
Resolution measurement
We measured the resolution in two dimensions since we currently only improve the lateral resolution. I.e., we cropped the bead image and fitted the image with a two-dimensional Gaussian curve. We calculate the resolution as the full width at half maximum (FWHM) of the resultant Gaussian curve. All fits were performed with Mathematica (18) . One example is shown in fig. S11 . For a three-dimensional image stack, we cropped the image of each bead in its focus since this provides a precise measurement. One example is shown in fig. S13 . We noticed that the average resolutions in x and y are not even similar in the summedWF image. We believe this to be caused by the drop of the gel due to the gravity during the imaging process. To correct this effect, we used the values in the summedWF and calculated the ratio of the resolutions along y and x (ratio_y/x). We used this value as a reference and calculated the final resolutions of decWF and SIM images. Figure S11 and fig. S13 illustrate the calculation in more detail. Fig. S1 . Filling the k-space with structured illumination. The theory behind SIM has been described many times (5, 19, 20) . The basic idea of SIM is to extend the k-or frequency-space. However, probing the k-space by illuminating the fluorescent specimen with a fixed pattern is not sufficient. The pattern's phase has to be varied precisely and systematically, thus, several images need to be recorded in order to resolve the ambiguities when assigning the energies to their corresponding locations in k-space. This process has to be performed in the entire two-or three-dimensional k-space and requires the observation of a fluorescent specimen along multiple directions. (A1, A2) A conventional fluorescence image (A2) is formed by convolving the point spread function (PSF) with the object (A1). (B1, B2) A structured illumination raw image is formed by multiplying the object with the structured pattern (B1) and then convolving it with the PSF. (A3, B3) The power spectra of the images (A2, B2), which denote the spatial frequency information of a conventional image. The orange circle indicates the region of the frequency band (aka optical transfer function, OTF) that can be observed. The power spectrum of a structured illumination raw image (B3) contains high-frequency information within the OTF. (C1, C2) To extract and extend the frequency information, at least three structured illumination raw images with three phases (ø 1 -ø 3 ) are required. Matrix calculations resolve and separate the frequency bands, thus assigning the energies to their correct positions in k-space. E.g. the frequency information is extended in k-space along one orientation (C2). (C3) The inverse Fourier transform of the extended frequency information (C2) results in a high-resolution image along one direction. (D1) The same procedure is performed along other orientations (60°). (D2) By using the illumination from more orientations (0° and 60° in this example), the frequency information can be extended to the corresponding orientation. (D3) After the extended frequency information is completed in 360° (0°, 60° and 120° in this example), an isotropic high-resolution image can be obtained. change of the phase is 2 3 , which provides the minimal number of three images required for a reconstruction. (F) One example shows the relation between the phase of the interference pattern and the small tilting angle Δθ x of the scanning mirrors. The slope of the trend line measures the corresponding tilting angle to achieve the phase shift of 2 3 of the pattern. We tried this method but found it to demand a higher alignment precision. It is easier and more stable to control the phase shift of the interference pattern with a piezo-driven stage that moves one of the two collimators. All scale bars are 1 µm wide. A beam splitter provides two coherent beams, which are deflected into two polarization-preserving single-mode fibers. The laser beams exiting the two fiber outputs (F220FC-543, Thorlabs) are collimated and form the two illumination paths. The fiber collimator is carefully turned to maintain s-polarization of the light sheets when they interfere, i.e. the polarization lies in the focal plane of detection objective lens. Each illumination path consists of a cylindrical lens (f=75 mm, F69-699, Edmund Optics), several static mirrors, an achromatic lens (f=200 mm, G322327322, Qioptiq), a two-axis piezo scanning mirror (S-334.2SL, Physik Instrumente), an f-theta lens (f=60.5 mm, S4LFT0061, Sill optics) and the microscope objective lens (63×/NA1.0, W Plan-Apochromat, 421480-9900-000, Carl Zeiss). The scanning mirror is placed on a motorized stage (M-232.17, Physik Instrumente) for a more precise alignment and a more flexible control of two light sheets. In one illumination arm, the fiber collimator (left) is mounted on a piezo-driven device (P-725.4CD, Physik 
Note 2: Concept of Structured Illumination Microscopy (SIM)
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Note 10: Isotropic high-resolution image reconstructed with 0°, 50°, and 133° patterns We observe that the frequency information is extended along the corresponding pattern orientations (e.g. PS_SI0, PS_SI50, and PS_SI133). The reconstructed image with three orientations has a relatively isotropic extended frequency information (PS_SIall). Its range is approximately twice as large as that of the decWF image (PS_decWF). The orange dashed circles indicate the theoretical region of OTF calculated with emission wavelength at 515 nm, refractive index at 1.33, and NA of 1.0. Practically, the measured OTF is smaller than the theoretical one, whereas the OTF of a deconvolved image is just slightly larger than the theoretical one. The average resolutions in x and y are not similar even in the summedWF image because of the falling of the gel due to the gravity during the imaging process. Therefore, we calculated the ratio of the resolutions in y and x of summedWF (ratio_y/x row in the fig. S10A and fig. S10B , respectively. Finally, we obtained the resolutions of the conventional wide-field image in ( . We conclude this is because there is more contribution of the frequency information of the 27° and 153° patterns in the 0° frequency information. However, the frequency information of 50° and 133° patterns contribute more into the 90° frequency information so the y-resolution of SIall in (B) is better than that in (A); meaning the high-resolution image is more isotropic. Quantitatively, the ratio of the final resolution between y and x in SIall is improved from 1.54 to 1.24.
Note 13: High-resolution image stack with laterally isotropic resolution fig. S12 . Since it is a three-dimensional image we looked for the focus of each bead image and cropped the bead image in its focal plane. E.g. the selected images shown in (A) are distributed along different planes in the whole image stack. Next, we fitted each cropped image with a two-dimensional Gaussian curve with Mathematica as described previously. The cropped images of identical beads in the summedWF, decWF and SIall images are shown in (A). (B) The result of the resolution measurement. We also noticed the same effect that the average resolutions in x and y are not similar as previously shown in fig. S10 . Therefore, we used the same method as described previously to correct the values of final . Finally, we performed the maximum intensity projections in xy-, xz-, and yzplanes. The lateral resolution is dramatically improved in SIall with and without the continued deconvolution, while the axial resolution (880.29±72.84 nm) remains similar to that in summedWF and decWF since our light sheet is still thicker than the axial PSF of detection lens. The noisy patches are removed and the resolution is improved with the continued deconvolution (SIall). The sample consists of 40 nm beads embedded in 1.5% low-melt agarose. The three pattern orientations used here are 0°, 31°, and 146°. The stack is acquired with an axial spacing of 200 nm and 30 axial planes. All scale bars are 1 μm wide. Finally, we conclude that case b is indeed a good compromise since the x-resolution is better than 100 nm and the y-resolution is about 100 nm, while the y/x-ratio of the resolution is optimal with the current choice of the illumination objective lens. The axial resolution of our current setup is not affected by the oblique illumination-detection configuration since the current thickness of our light sheets is about 2.6 µm, which is larger than the axial PSF of detection lens. Nevertheless, the image contrast is dramatically improved by the light sheet illumination. The red lines indicate the thickness of the light sheets. The intersection areas of two light sheets are marked, however, the practical FOV will be slightly larger than these areas, such as those indicated in Fig. 5 . The optimal image contrast is obtained with an orthogonal illumination-detection configuration, in which the light sheet illuminates the thinnest region along z (the leftmost sketch). The illumination extent along z is increased since the light sheets are more oblique, but only significant in the rightmost sketch. I.e., the image contrast is only reduced at this oblique configuration. The contribution of the background with different illumination conditions is discussed in the manuscript (section "Near-isotropic high-resolution image at sub-100 nm" and A little zig-zag pattern seems to be appeared in (C). This is probably due to the rapid movement of the ER structure in the living cell (21) . Please note that the images shown here were taken with large intersection angles thus the resolution gain is more anisotropic and very high (>2x). Therefore, the sample features along the x-axis are perceived as discrete whereas they look more continuous along the y-axis. This could increase the influence of the rapid movement of the sample to the SIM reconstruction that results in a more obvious zig-zag pattern. Notice how the position of the peak shifts away from the center (white dot at (k xo ,k yo )=(257,257)) as the interference angle of the beams increases. This is expected since the spatial frequency of the pattern increases with an increasing angle according to equations 3 and 4. The position of the peak (k x ,k y ) shown in the parentheses is substituted in eq. 1 to convert the pixel position into the spatial frequency vector ⃗. A prior deconvolution of the raw images enhances the detectability of the peak in the correlation. This allows us to recover ⃗, even when it lies beyond the cut-off frequency ω o (radius of the white circle) of the detection objective. The recovered ⃗ is also used to characterize our system and, as shown in fig. S22 , confirms that all measurements are reasonable and that the system is well aligned. All figures are derived from actual data obtained with 200 nm fluorescent beads (505nm/515nm; excitation/emission). (1/1.33). fig. S14 , where the sample is illuminated with counter-propagating light sheets. The original image stack consists of 30 planes, but the images presented here were calculated with the maximum intensity projection of the central ten planes, to show the artifact more clearly. The RL-deconvolution is applied directly on the summed wide-field images plane-wise.
Wide-field RL-deconv. 5 iter. RL-deconv. 10 iter.
RL-deconv. 20 iter. RL-deconv. 50 iter.
